Purpose Chemotherapeutic agents have a known gonadotoxic effect; however, it is difficult to predict the impact they may have on ovarian stimulation. The objective of this study was to evaluate response to ovarian stimulation in patients exposed to chemotherapy compared with patients who were chemotherapy-naïve. Methods A retrospective cohort study of 130 patients with cancer or autoimmune disease was performed. Demographics, ovarian reserve, ovarian response and stimulation parameters, and oocyte data were compared between patients who were pre-and post-chemotherapy. Logistic regression modeling was performed to identify risk factors for cancellation and low oocyte yield, adjusting for confounders as appropriate. Results Antral follicle count (AFC) was significantly lower in post-chemo patients (9 vs. 17, p<0.001). Post-chemotherapy patients were more likely to be cancelled during stimulation (23 vs. 4 %, p=0.003). Among those that went to retrieval, there was no difference in total number of oocytes (10 vs. 10, p=0.31) or mature oocytes retrieved (8 vs. 8, p=0.38), despite higher starting (300 vs. 450 IU, p<0.001) and total gonadotropin (3075 vs. 4612.5 IU, p=0.008) doses in post-chemotherapy patients. Low AFC (≤6) was associated with cycle cancellation (OR 7.7, 95 % CI 1.8-33.2) and low oocyte yield (<6) (OR 5.4, 95 % CI 1.6-17.7). Conclusions Patients post-chemotherapy have lower AFC compared with the chemotherapy-naïve and have higher cancellation rates. Among those who underwent oocyte retrieval, oocyte yield was similar in both groups. Low AFC was most strongly associated with cycle cancellation and oocyte yield. Post-chemotherapy patients had higher rates of cycle cancellation but did equally well as pre-chemotherapy patients if they reached retrieval.
Introduction
Chemotherapy is often the first-line treatment for both cancer and benign autoimmune disease. While many of these drugs are curative and life saving, many types of chemotherapy are known to be gonadotoxic and may have a negative impact on ovarian reserve and future fertility for reproductive-aged women who have received them [1] . Alkylating agents, such as cyclophosphamide, are well known to cause follicular depletion, oocyte destruction, and stromal fibrosis [2] [3] [4] , and the risk of ovarian dysfunction appears to occur in a dose-dependent fashion [5] . This effect has been demonstrated in both cancer patients [5] [6] [7] [8] and in patients with autoimmune disease such as systemic lupus erythematosus and granulomatosis with polyangiitis [9, 10] . Variable toxicity has been documented for multidrug regimens. For example, regimens used to treat Hodgkin's lymphoma such as bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone (BEACOPP) are associated Capsule Chemotherapy has a known gonadotoxic effect, however the specific impact on ovarian stimulation parameters/outcomes is unclear. Though post-chemotherapy patients had lower AFC and higher risk of cancellation, those who reached retrieval had similar oocyte yield as those who were pre-chemotherapy. It is reasonable to offer fertility preservation/ treatment after chemotherapy with individualized protocols.
with a high incidence of ovarian toxicity, while regimens such as doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) are associated with less risk [11] [12] [13] .
As chemotherapy has improved survivorship after cancer and other medical illnesses in women of reproductive age, the importance of fertility is clear as these women age and become ready to start a family [14] . Due to ovarian damage from exposure to chemotherapy, these patients are more likely to experience infertility and require fertility treatment in order to conceive [15] In vitro fertilization (IVF) treatment protocols and fertility preservation cycles in patients treated with gonadotoxic chemotherapy are of interest to clinicians who wish to optimize care for these patients.
Ovarian stimulation has been shown to be impaired in cancer patients even before treatment [16, 17] . Women with cancer have been demonstrated to have a lower oocyte yield and lower estradiol levels during controlled ovarian hyperstimulation [17] . In patients who have undergone chemotherapy, one would expect this impairment to be even more pronounced. Few studies to date have assessed the success of assisted reproductive technologies and fertility preservation in patients who have been exposed to chemotherapy [16, 18, 19] ; however, results have been mixed.
The objective of this study was to evaluate the response to ovarian stimulation in patients with a history of cancer or benign disease treated with gonadotoxic chemotherapy as compared with patients who are chemotherapy-naïve. We hypothesize that patients treated with chemotherapy have impaired baseline ovarian reserve markers compared to unexposed patients, and that these patients will respond poorly to ovarian stimulation, with higher rates of cancellation and lower oocyte yield at retrieval.
Materials and methods
Patients with a history of cancer or medical illness requiring treatment with gonadotoxic chemotherapy that underwent ovarian stimulation for oocyte or embryo banking at Penn Fertility Care between 2006 and 2014 were identified in this retrospective cohort study. Institutional Review Board approval was obtained from the University of Pennsylvania. Patients between the ages of 18 and 50 with a diagnosis of cancer or another medical illness requiring gonadotoxic chemotherapy were included in the study. Those who had previously been exposed to chemotherapy were defined as Bpost-chemotherapy^and those who had not been exposed to chemotherapy prior to ovarian stimulation were defined as Bpre-chemotherapy^.
Ovarian stimulation was performed using either luteal-phase GnRH agonist or GnRH antagonist protocols as previously described [20] . The starting dose of gonadotropin dose was selected based on patient age, AMH, and baseline AFC. Most patients with breast and endometrial cancer also received an aromatase inhibitor. Under this protocol, letrozole 5 mg (Mylan Pharmaceuticals or Teva Pharmaceuticals) was administered daily starting the second or third day of a spontaneous menstrual cycle and continuing until the day of HCG or GnRH agonist administration for final oocyte maturation. Patients were only cancelled for complete lack of response to gonadotropins with no follicular development. This cancellation policy applied to both groups of patients. Patients elected to cryopreserve embryos or oocytes. For embryos, oocytes were fertilized via conventional insemination or ICSI and embryos cryopreserved via slow freeze or vitrification. For oocyte cryopreservation, oocytes were stripped on the day of retrieval to assess maturity prior to cryopreservation via vitrification.
Detailed demographic-and treatment-specific information were obtained from medical records. Demographics details included the following: age at diagnosis, age at time of fertility consultation, race, gravidity, parity, body mass index (BMI), and partner status. Disease-specific information collected included the following: specific medical diagnosis and treatment received prior to consultation. Stimulation data obtained included the following: baseline ovarian reserve testing (baseline follicle-stimulating hormone and estradiol, AntiMullerian hormone levels, antral follicle count), stimulation protocol, starting gonadotropin dose, total gonadotropin usage, duration of stimulation, peak estradiol level (pg/mL), oocyte yield (mature and immature), and cycle cancellation.
Statistical analysis
Demographic characteristics were compared between pre-and post-chemotherapy patients using Wilcoxon rank sum test and Student's t test as appropriate, Pearson Chi-squared test and Fisher's Exact test, for continuous and categorical variables as appropriate. All hormone concentrations were natural-log transformed to reduce the influence of left-skewed distribution of values. To accommodate multiple, and possibly correlated, cycles per woman, we utilized an extension to logistic regression STATA xtlogit procedure [21] . These models were used to identify risk factors for cycle cancellation and low oocyte yield, adjusting for confounders as appropriate. A two-tailed p value of <0.05 was considered statistically significant. Statistical analysis was performed using STATA version 13.0 (StataCorp, College Station, TX, USA).
Results

Patient characteristics
A total of 130 patients met our inclusion criteria; 95 patients were pre-chemotherapy and 35 patients were postchemotherapy before ovarian stimulation. Demographic characteristics of the cohort are presented in Table 1 . Patients who were exposed to chemotherapy were younger both at age of consult (21.7 vs. 31, p<0.001) and at the time of fertility preservation consultation (27.7 vs. 32, p<0.001). More time had elapsed between time of diagnosis and fertility consultation in the post-chemotherapy group (4.5 vs. 0.17 years, p<0.001).
Patients were similar with respect to race, partner status, BMI, and previous pregnancy history. The majority of patients in the pre-chemotherapy group had a diagnosis of breast cancer (57 %), while the majority of patients in the postchemotherapy group had a history of hematologic cancer (69 %). More patients in the pre-chemotherapy group (92 %) were about to face impending treatment as compared with the post-chemotherapy group (49 %, p<0.001). Benign diseases requiring chemotherapy included microscopic polyangiitis, granulomatosis with polyangiitis, sarcoidosis, mixed connective tissue disorder, sickle cell anemia, lymphangioleiomyomatosis, pigmented villonodular synovitis, and myasthenia gravis. In the post-chemotherapy group, the majority of patients had received an alkylating agent (69 %) with a median cumulative alkylator score of 1 (range 0-7, where a higher score is reflective of a higher exposure and risk for ovarian toxicity) [1] . The median time since last chemotherapy received was 18 months, with (n= 11) of patients receiving gonadotoxic chemotherapy within 6 months of ovarian stimulation.
Ovarian reserve and protocol characteristics
Ninety-five pre-chemotherapy patients underwent a total of 108 cycles of ovarian stimulation. Thirty-five postchemotherapy patients underwent 42 cycles. Table 2 compares baseline ovarian reserve measures, and first-cycle protocol characteristics were compared in pre-and postchemotherapy patients. Compared to pre-chemotherapy patients, post-chemotherapy patients had no differences in levels of a baseline follicle-stimulating hormone (FSH), estradiol, or anti-Mullerian hormone (AMH). Median baseline antral follicle count (AFC) was significantly lower in post-chemotherapy patients (9 vs. 17, p<0.001). As AFC may be lower in patients with recent hormonal contraceptive exposure [22] , we restricted the analysis to patients who were not on oral contraceptives at the time of baseline testing, and this difference remained significant (9 vs. 17, p=0.02). A gonadotropin-releasing hormone (GnRH) antagonist protocol was used in the majority of patients (93 % of pre-chemotherapy patients and 83 % of postchemotherapy patients). Fifty-one patients in the prechemotherapy group and three in the post-chemotherapy were given an aromatase inhibitor (letrozole 5 mg by mouth daily), starting the second or third day of the cycle and continued until the day of human chorionic gonadotropin (HCG) or GnRH agonist administration. Twelve of the cycles (11 %) in the pre-chemotherapy and one of the cycles (2 %) in the post-chemotherapy groups were luteal phase starts. Postchemotherapy patients were started at higher doses of gonadotropins compared with pre-chemotherapy patients (450 vs. 300 IU, p<0.001). 
Outcomes of ovarian stimulation
Ovarian stimulation outcomes are compared in Table 3 . Postchemotherapy patients used higher total doses of gonadotropin during stimulation compared with pre-chemotherapy patients (4612.5 vs. 3075 IU, 0=0.008). Length of stimulation was similar (11 vs. 11 days, p=0.78). Post-chemotherapy patients had a lower total number of follicles (11 vs. 19, p=0.02) and fewer follicles measuring >14 mm (5 vs. 11, p=0.01) on the day of trigger. Peak estradiol levels were similar between A subgroup analysis was performed to determine the effect of recent chemotherapy exposure (<6 months) on first-cycle ovarian stimulation outcomes in the post-chemotherapy group. There was a difference in baseline FSH between those with chemotherapy within 6 months of stimulation (2.6 mIU/mL) and those who had more remote chemotherapy (>6 months) (8.0 mIU/mL, p=0.02) and fertilization rate (recent chemo 100 % vs. remote chemo 58.6 %, p=0.04). There was no significant difference in baseline AMH or AFC, starting or total dose of gonadotropins used, days of stimulation, cancellation rate, number of eggs retrieved, or number of mature eggs retrieved.
Association with cycle cancellation and low oocyte yield
To determine the factors associated with cycle cancellation, repeated measure logistic regression was performed to account for the number of cycles per woman. We also included covariates for age at the time of consultation and postchemotherapy status. Women with a baseline AFC of less than or equal to 6 were more likely than women with higher AFC to experience cycle cancellation (adjusted OR 7.7, 95 % CI 
Discussion
In this study, we demonstrated that despite having lower baseline antral follicle counts and higher rates of cancellation during controlled ovarian stimulation than those who are pre-chemotherapy, post-chemotherapy patients who undergo retrieval have similar oocyte yield and maturation rates as those who are pre-chemotherapy. This is one of the largest studies to examine post-chemotherapy ovarian stimulation in patients with cancer or medical illnesses requiring chemotherapy. While there were no significant differences in baseline hormonal testing in our study (FSH, estradiol, or AMH), patients treated with chemotherapy had a significantly lower number of antral follicles at baseline pelvic ultrasound compared with those who were chemotherapy-naïve, consistent with findings from previous studies. The gonadotoxic effects of chemotherapy on ovarian reserve markers are well documented. In a population-based study of 100 childhood cancer survivors who had all been exposed to chemotherapy compared with similar-aged controls, survivors were found to have increased rates of premature ovarian failure and lower antral follicle counts [23] . A smaller study of 22 breast cancer patients following chemotherapy demonstrated increased baseline FSH, lower AMH, and antral follicle counts compared with breast cancer patients pre-chemotherapy and with healthy controls [24] . Previous data is mixed with regard to ovarian response in women with malignant disease. While a retrospective study published by Almog et al. demonstrated no difference in the number of dominant follicles or number of oocytes retrieved between pre-treatment cancer patients and age-matched controls during controlled ovarian hyperstimulation for IVF [25] , other studies have suggested that ovarian response is poor, even before treatment. A systematic review and metaanalysis published by Friedler et al. reports that women with malignant disease with no previous exposure to chemotherapy should expect lower oocyte yield after controlled ovarian hyperstimulation for fertility preservation, possibly related to the negative effect of the disease state on the hypothalamicgonadal axis and subsequent response to stimulation [16] . Taking this into account, patients with cancer and illnesses requiring chemotherapy prior to treatment were chosen as a comparison group in this study to evaluate the response to ovarian stimulation in a similar group of patients who were post-treatment. Patients who were post-chemotherapy required both higher starting and total doses of gonadotropins during ovarian stimulation and were more likely to be cancelled during stimulation. However, despite lower baseline AFC and higher cancellation rates, those who reached oocyte retrieval had similar outcomes as those who were prechemotherapy for oocyte yield and maturation rate. Postchemotherapy patients who reached retrieval had similar oocyte yield, likely due to higher starting and total gonadotropin use. These higher doses were likely used to compensate for the lower baseline AFC in the post-chemotherapy groups. These findings are consistent with those found in a retrospective cohort study of patients who underwent fertility preservation before and after chemotherapy treatment for hematological disorders that reported similar oocyte and embryo yield between groups [18] . Similarly, a study comparing women undergoing in vitro fertilization after systemic cancer treatment with women who received local cancer treatment found that there was no difference in oocyte yield between the groups [26] . In contrast to our findings, a small study by Das et al. of 23 post-chemotherapy patients found that these patients had worse response to gonadotropins and lower oocyte yield at retrieval. However, their comparison group was comprised of healthy, unexposed patients with male factor infertility.
We also demonstrated that a low antral follicle count (<6) was strongly associated with both cycle cancellation and low egg yield. While there is no widely used AFC threshold at which ovarian response is significantly decreased, multiple studies in non-cancer IVF populations have demonstrated a correlation between low antral follicle count and poor response to controlled ovarian hyperstimulation [27] [28] [29] [30] . In an analysis of 1,049 stimulated IVF cycles by Hsu et al., AFC was predictive of both cancellation rate and oocytes retrieved [29] . The odds ratio for cancellation with an AFC between 1 and 5 was 8.3 (95 % CI 1.9-35.6) for a long protocol and 7.4 (95 % CI 2.1-26.9) for a microdose GnRH agonist protocol, as compared with a referent group with an AFC of≥16. The number of oocytes retrieved appeared to also increase with higher AFC. A study in healthy oocyte donors using an AFC cut-off of<10 found similar findings [30] . Though there is concern that pre-treatment oral contraceptive use may be associated with lower antral follicle count [22, 31] , low AFC remained significantly associated with both cancellation and low oocyte yield at retrieval even after controlling for oral contraceptive use in multivariable regression. Additionally, an inverse relationship between antral follicle count and percent cancellation was also demonstrated in this study. The lower the antral follicle count, the higher the percent of cancellation (Fig. 1) . Given this finding, it is reasonable to regard an AFC of<6 in populations of patients with cancer or medical illnesses requiring chemotherapy as predictive of poor ART outcomes (cancellation or low oocyte yield). Patients with an AFC of<6 require individualization of treatment to maximize response during ovarian stimulation as well as counseling about the possibility of poor response. However, as it appears that post-treatment patients who reach oocyte retrieval have similar outcomes to those who are pre-treatment, they should be encouraged to proceed with fertility preservation, if so desired. Additionally, post-chemotherapy status did not appear to have a significant association with either cancellation (OR 37.6, 95 % CI 0.9-1551.4) or with low oocyte (OR 2.7, 95 % CI 0.6-12.9) yield after adjusting for confounders. However, the effect may still be present but not detected due to the small sample size of the post-chemotherapy group and limited statistical power, as suggested by the large confidence intervals. While baseline AMH was not significantly different between pre-and post-chemotherapy patients, high AMH was less likely to be associated with low oocyte yield in this study (adjusted OR 0.3, 95 % CI 0.1-0.8). OR of 0.3 can be interpreted as a 70 % reduction in low oocyte yield for each additional unit increase of AMH. This is consistent with prior studies in healthy populations demonstrating the predictive power of AMH for response to stimulation and ART outcomes [32, 33] . Low AMH has been associated with poor response to stimulation and oocyte yield [34] [35] [36] and may also be useful information prior to starting the cycle. Whereas prior studies in non-cancer populations have shown an association between low AMH and high cancellation rates [35, 37] , this study in patients with cancer or medical conditions requiring chemotherapy did not demonstrate a significant association after adjustment for confounders.
Due to a limited sample size, our study population includes heterogeneous medical conditions, including both patients with cancer and benign diseases who underwent different gonadotoxic treatments. As such, it may be difficult to extrapolate our results for specific diagnoses or treatment regimens and thus may limit generalizability. It is helpful to note that the majority of patients were treated with an alkylating agent (69 %). As our study population represents women who were referred for fertility preservation or treatment consultation, selection bias may exist as the patients included may not be representative of all women with medical diagnoses requiring chemotherapy. Also, due to the retrospective nature of this study, selection bias influencing the types of treatment that the pre-and post-chemotherapy patients received could influence the results. Additionally, retrospective studies are also subject to information bias, as the data was abstracted through chart review. Moreover, patients received various protocols for ovarian stimulation over the study duration, including letrozole and luteal start protocols. Several studies have demonstrated that such stimulation protocols (letrozole and luteal/ random start) do not impact outcomes [38] [39] [40] , so we do not believe that protocol substantially confounded our results. We examined the effect of letrozole in our multivariable models and found that the use of letrozole in ART protocols was not a confounder of cancellation or low oocyte yield. As there was only one patient in the post-chemotherapy group that underwent a random start, it was not possible to adjust for this factor in our model. Moreover, it was difficult to explore the effect of time since chemotherapy exposure on ovarian stimulation given the heterogeneous nature of the post-treatment population studied.
Few studies to date have compared response to ovarian stimulation between patients who have been treated with gonadotoxic chemotherapy and cancer patients who are chemotherapy-naïve. The current study is one of the largest studies to date and provides insight into the effect of chemotherapy itself on stimulation parameters and outcomes. However, as the majority of the oocytes of the patients in our study remain cryopreserved, we do not have outcome data of pregnancies resulting from the use of these gametes. While the literature suggests that pregnancy outcomes of childhood cancer survivors are similar to those of healthy women [41] , knowledge is scarce on the effect that recent chemotherapy exposure has on gametes and offspring outcomes. A prospective, longitudinal study following the use of thawed cryopreserved oocytes, fertilization and pregnancy rates, neonatal and childhood outcomes of the women who freeze their oocytes, and embryos following chemotherapy treatment would be invaluable to understanding the long-term effects of chemotherapy on gametes. Particularly in children and young adults who do not have the opportunity to pursue ovarian stimulation prior to treatment, post-treatment ovarian stimulation and oocyte/ embryo cryopreservation may be a strategy to maximize future reproductive capacity in this population.
Conclusions
While it is generally accepted that fertility preservation should be performed before exposure to chemotherapy, this study suggests that even though patients who present after chemotherapy may have lower baseline antral follicle counts and higher rates of cancellation, oocyte yield is comparable to chemotherapy-naïve patients if they reach retrieval. Therefore, it would be reasonable to offer ART to patients who desire fertility preservation or treatment after chemotherapy, as efficacy appears to be similar to those who pursue ART prior to chemotherapy. Low antral follicle count (<6) appears to be significantly associated with cancellation and low oocyte yield at retrieval, so stimulation protocols and counseling must be individualized for patients who present with low AFC for fertility preservation. Low baseline AMH values may also be considered in pre-stimulation counseling for expected oocyte yield.
